Plants allocate a considerable amount of carbon (C) to fine roots as respiration and exudation. Fine-root exudation could stimulate microbial activity, which further contributes to soil heterotrophic respiration. Although both root respiration and exudation are important components of belowground C cycling, how they relate to each other is less well known. In this study, we aimed to explore this relationship on mature trees growing in the field. The measurements were performed on two canopy species, Quercus serrata Thunb. and Quercus glauca, in a warm temperate forest. The respiration and exudation rates of the same fineroot segment were measured in parallel with a syringe-basis incubation and a closed static chamber, respectively. We also measured root traits and ectomycorrhizal colonization ratio because these indexes commonly relate to root respiration and reflect root physiology. The microbial activity enhanced by root exudation was investigated by comparing the dissolved organic carbon (DOC) and microbial biomass carbon (MBC) between rhizosphere soils and bulk soils. Mean DOC concentration and MBC were ca two times higher in the rhizosphere soils and positively related to exudation rates, indicating that exudation further relates to the C dynamics in the soils. Flux rates of exudation and respiration were positively correlated with each other. Both root exudation and respiration rates positively related to ectomycorrhizal colonization and root tissue nitrogen, and therefore the relationship between the two fluxes may be attributed to fine-root activity. The flux rates of root respiration were 8.7 and 10.5 times as much as those of exudation on a root-length basis and a root-weight basis, respectively. In spite of the fact that flux rates of respiration and exudation varied enormously among the fine-root segments of the two Quercus species, exudation was in proportion to respiration. This result gives new insight into the fine-root C-allocation strategy and the belowground C dynamics.
Introduction
Fine roots are the principle organ of acquisition, which support the nutrient demand of the whole plant. In forest ecosystems, plants allocate carbon (C) up to 67% of annual net primary production (NPP) to fine roots (Matamala et al. 2003) . Of all the photosynthates transferred into fine roots, respiration and exudation account for 30 and 21%, respectively (Lambers et al. 2003 , Haichar et al. 2014 . Root exudation could further induce heterotrophic respiration in the rhizosphere soil, which constitutes 20% of total soil respiration (Kelting et al. 1998 , van Hees et al. 2005 . Both root respiration and root exudation make a significant contribution to the belowground C dynamics.
Respiration rate varies greatly among fine roots within a root system (Makita et al. 2009 , Rewald et al. 2014 , reflecting the heterogeneity of physiological and functional activities (Ryan et al. 1996 , Reich et al. 2008 . However, the reason why fine-root exudation exhibits considerable variation within a root system is not exactly known (Phillips et al. 2008 ). Mean flux rates of both fine-root respiration and exudation responded similarly to plant development stage and root aging Domanski 2000, Bouma et al. 2001) , elevated CO 2 (Norby et al. 1987 , George et al. 2003 , Drake et al. 2011 , Phillips et al. 2011 fertilization Fahey 2007, Phillips et al. 2009 ) and warming (Zogg et al. 1996 , Yin et al. 2013 ). These observations indicated that root exudation may correlate positively with root respiration in relation to root physiological activity under certain treatments. However, C allocation to root respiration and exudation also exhibited a trade-off in the few studies in which they were measured simultaneously. The exudation rates of wheat roots decreased under defoliation and warming treatments, whereas the respiration rates remained the same or even increased (Dilkes et al. 2004 , Hill et al. 2007 ). These results suggested an alternative possibility that respiration and exudation could correlate negatively with each other because the C allocated to fine roots is limited. Previous studies concentrated on how mean flux rates at an individual plant or site level changed under experimental treatments, and the results remain controversial. To better understand the C allocation to root exudation and respiration, it is necessary to explore their relationship based on the variations within a root system under natural conditions.
Fine-root morphological and chemical traits of individual root segments can explain the variability of respiration within a root system (Makita et al. 2009 , Rewald et al. 2014 . This is because fine-root traits, such as tissue N and specific root length (SRL), are plastic to root developments and environmental conditions (Wells and Eissenstat 2002 , Volder et al. 2005 , Ostonen et al. 2007 ) and reflect physiological activity of a given root segment (Ryan et al. 1996 , Pregitzer et al. 1998 , Reich et al. 2008 , Makita et al. 2009 ). In contrast, how root exudation relates to fine-root traits is less known. Previous studies on factors affecting root exudation mainly focused on whole plant and environments, such as plant species, plant development stage, soil nutrient and water availability (Grayston et al. 1996 , Neumann and Römheld 2007 , Phillips et al. 2009 , Stovall et al. 2013 , although fine-root traits also respond to these factors. The heterogeneity of fine-root morphological and chemical traits within a root system may also explain the variation of exudation.
The C flux as root exudation has been much less studied than root respiration, morphological and chemical traits, due to the difficulty of making reliable measurements in situ , Phillips et al. 2008 . It has been overlooked in present biogeochemical models, despite the fact that root exudation makes a disproportionately large impact on soil C cycling (Perveen et al. 2014 , Finzi et al. 2015 . Exploring the relationship of root exudation with root respiration and other root traits may help us understand the dynamic of root exudation better and overcome the uncertainties in predicting belowground C dynamics. In this study, we employed parallel measurements on root exudation and respiration in a warm temperate forest. The measurements were performed on two co-existing Quercus species, which are commonly distributed in temperate Japanese forests. Since the Quercus species are commonly associated with ectomycorrhizal fungi and this type of symbiotic fungi appreciably affects fine-root diameter, SRL and tissue N (King et al. 2002 , Read and Perez-Moreno 2003 , Withington et al. 2006 , Ostonen et al. 2009 ), the ectomycorrhizal colonization ratio was also measured in addition to fine-root traits. To support our measurements on root exudation, we investigated the relationships between root-exudation rates with dissolved organic carbon (DOC) and microbial biomass carbon (MBC). The aims of this study were: (i) to test a relationship between root respiration and exudation in a forest ecosystem; and (ii) to elucidate if exudation relates to other fine-root traits, such as tissue N and ectomycorrhizal colonization.
Materials and methods

Site description
This study was carried out in Yamashiro Experiment Site, which is located in the southeast of Kyoto Prefecture (135°50′ 46.2′ E, 34°47′ 41.2′ N). It is a secondary broad-leaved forest recovered from a clear-cut one century ago. The soils are Regosols of sandy loam or loamy sand (Kaneko et al. 2007 ). The mean annual temperature is 15.5°C and the mean annual precipitation is 1449 mm (Goto et al. 2003 
Root segments
We measured exudation and respiration on segments of lateral roots less than order three (also <2 mm in diameter). A previous study performed in the same site suggested that defining fine roots of Q. serrata by diameter classification (<2 mm) samples both absorbing and transport roots, which may have different physiologies (Makita et al. 2009 ). Growing evidence suggests that fine roots less than order three are only absorbing roots (Guo et al. 2008 , Xia et al. 2010 , and absorbing roots have higher physiological activity and distinct functional traits than transport roots of <2 mm diameter (Pregitzer et al. 1998 , McCormack et al. 2015 . Thus, we measured exudation and respiration on root segments less than order three to compare fine roots of similar function and physiology.
Target trees
Five mature individuals of Q. serrata and Q. glauca were selected as target trees. From each tree, three root segments and six soil cores were sampled from late June to early July in the year 2015. A total of 29 segments were measured. One segment of Q. serrata was excluded from the analysis, because it was inadvertently dried out before the respiration measurement.
Root exudates collection
Root exudates were collected using a syringe system of non-soil incubation modified from Phillips et al. (2008) . Briefly, the root segments were carefully excavated. They remained attached to the mother root during the collection process. The segments were washed gently with deionized water to remove rhizosphere soil and free-living microbes without injuring to the root tissue. We incubated the segments in a syringe filled with acid-washed glass beads and 25 ml of C-free nutrient solution (0.1 mM KH 2 PO 4 , 0.2 mM K 2 SO 4 , 0.2 mM MgSO 4 , 0.3 mM CaCl 2 , from Phillips et al. 2008) . The syringes were covered with wet paper towels and aluminum foil to prevent exposure to sunlight and heat. After 48 h, the solution was collected from syringes. We applied two flushes of 10 ml nutrient solution to get a full recovery of exudation C. The recovered solution was filtered immediately with 0.22 μm sterile syringe filters (Sartorius, Minisart, Göttingen, Germany).
Several modifications were made to meet the purpose of this study. First, the residence time of roots in syringes was expanded from 24 to 48 h to attenuate influence from the dayto-day meteorological dynamics. This is because root-exudate fluxes are sensitive to daily meteorological conditions (Phillips et al. 2008) . We increased the volume of C-free nutrient solution injected into syringes to 25 ml so as to maintain a low osmotic pressure. This modification could prevent re-uptake of exudation during the prolonged residence time because fine roots release low molecular organic compounds, mainly sugars and amino acids, through diffusion (Jones et al. 2004, Neumann and Römheld 2007) . A pilot experiment had confirmed that the accumulation rates of exudate-C in syringes were not different between 24-and 48-h incubation with our modifications (Sun et al. 2017) .
Three syringes with no root segments were set as the blank group. All solutions recovered were transported to the laboratory in a cooler box with ice packs. We followed the protocol of Phillips et al. (2008) to determine total C in the recovered solution. Total C was determined using a non-purgeable C mode with potassium hydrogen phthalate as a standard material (TOC-VCPH, Shimadzu, Japan). Exudation rate was calculated by dividing total C by the residence time and the amount of roots (total length or dry weight) in syringes. Root exudation was calculated both on a length basis and a weight basis because the variation of fine-root traits among root segments may give rise to different patterns of flux rate (Phillips et al. 2009 , Sun et al. 2017 ).
Fine-root respiration
Fine-root respiration was measured using a set of closed static chamber system and an infrared gas analyzer (GMP343; VAISALA, Vantaa, Finland). The measurements followed the protocol described by Makita et al. (2009) . Briefly, the whole fine-root segments were excised after exudation collection. The root segments were again washed gently with deionized water to remove remaining nutrient solution and any other contamination. We blotted the excess water from roots with tissue paper. Respiration measurements were started within 15 min after root excising. The measurement lasted for 15 min. The CO 2 concentration and the chamber temperature were recorded in a data logger once per second. The data later than the first 5-min interval were used to eliminate the errors associated with opening the chamber. The root respiration rate was calculated as below (F root : nmol CO 2 g In the formula, C CO2 is CO 2 concentration (ppm) at a given time. The parameter t i denotes the initial time and Δt denotes the time interval of measurements. V S is the chamber volume (0.308 l), and 22.4 is the standard gas volume. T is the mean temperature (°C) in the chamber during measurements and w is the dry mass (g) of the root segments. We also used a similar formula to calculate root respiration on a length basis (nmol CO 2 m −1 s −1 ). The temperature of the chamber ranged from 23.2 to 26.7°C among all measurements. We did a pilot experiment on Q. serrata with two groups of fine-root segments; one group experienced the exudation-collecting processes (n = 18) and the other did not (n = 15). The mean respiration rates were not significantly different between the groups (P = 0.18, see Figure S1 available as Supplementary Data at Tree Physiology Online).
Lab analyses on fine-root chemistry, morphology and mycorrhizal colonization
After respiration measurements, the whole root segments were transported to the laboratory in a cooler box with ice packs. The colonization ratio of ectomycorrhizal fungi was determined on the day of root harvest. The lateral root tips with clear fungal mantles and hyphae under an optical microscope were considered as colonized roots. The colonization ratio was represented as the proportion of colonized root tips to the total root tips (Guo et al. 2008 , Fangfuk et al. 2010 . Afterwards, the fine-root segments were scanned at 300 dpi in full color (GT-X970, Seiko Epson Corp., Tokyo, Japan). Total root length, volume and mean diameter were analyzed by WinRHIZO Pro 2013 (Regents Instruments Inc., Quebec City, Canada). The segments were then oven-dried at 65°C for 48 h. We weighed the segments and calculated SRL by dividing total root length by dry weight, and root tissue density (RTD) by dividing dry weight by total fresh volume. Tissue C and N concentrations were measured with a CN analyzer (Vario ELIII, Elementar Analysensysteme GmbH, Langenselbold, Germany). We further converted tissue N concentration into length basis with the SRL of each segment.
Soil sampling and lab analyses
Bulk soils were root-free soils sampled randomly from the forest gap (n = 5). Rhizosphere soils were sampled following the protocol of Phillips et al. (2011) and Yin et al. (2014) with some modifications. These studies explored interactions between root exudation and rhizosphere microbial processes, in which rhizosphere soils and root exudates were sampled from subplots dominated by certain target species. We modified this method to sample both rhizosphere soils and root exudates from the vicinity of a target tree because the coverage of Q. glauca is relatively low at this site. Soils were collected in late June, 2015. The time-lag between soil sampling and exudate collection was <2 weeks. This was similar to the sampling time-lag between exudates and rhizosphere soil in previous studies (Phillips et al. 2011 , Yin et al. 2014 . Three soil cores were taken at distances of 50 cm and 1 m away from the trunk, respectively. The soil cores sampled from the same target tree were composited to make sure there were enough soils for further analyses. The soils were transported back to the laboratory using cooler boxes and ice packs. All the fine roots less than order three were picked up by forceps. The soils that were still attached to these fine roots after gently shaking were defined as rhizosphere soils. The rhizosphere soils were collected using forceps and soft brushes. All processes were done on a plate laying on ice packs to minimize the microbial activity. One sub-sample was oven-dried at 65°C for 48 h to calculate soil water content. Another sub-sample was extracted by 0.5 M K 2 SO 4 to determine DOC. This was also the blank control for measurements of MBC. We measured MBC by chloroform fumigation. A third sub-sample was fumigated in the dark at 25°C for 24 h. The total C in fumigated samples was also extracted by 0.5 M K 2 SO 4 . Total C in extracts was analyzed using the non-purgeable C mode (TOC-VCPH). The MBC was calculated from the difference between fumigated and blank sub-samples, with a conventional efficient of 0.45 (Vance et al. 1987) .
Statistical analyses
Significant differences in root morphological and chemical traits, mycorrhizal colonization ratio and flux rates of root exudation and respiration between two Quercus species were tested with a nested ANOVA (McDonald 2014) . The roots from the same target tree were nested. The relationship between exudation and respiration was analyzed by a mixed-effects model with respiration rates and species as fixed effects (nlme package, R 3.1-127, Pinheiro et al. 2016) , and the R 2 of the relationship was estimated using a 'MuMIn package' (Bartoń 2016) . The individual roots from the same target tree were nested as random effects. The relationships were tested on both a root-length basis and a root-weight basis. The cluster correlation coefficients among root traits and fluxes were also tested by mixed-effects models with individual roots from the same target tree nested as random effects. The differences in mean DOC and MBC between rhizosphere and bulk soils were tested by ANOVA. We used regression analyses to verify the relationships between exudation, DOC and MBC in both rhizosphere and bulk soils. All data met the normality and homoscedasticity assumption or were transformed properly before being applied to statistical analyses. The statistical analyses were performed with R 3.3.2 with significance level at P < 0.05.
Results
The fine-root segments we measured weighed from 2.56 to 29.59 mg. The root traits varied among individual segments, but were not different between the two Quercus species (Table 1) . Chemical traits were less variable than morphological traits. The tissue C concentration was almost invariant and around 50.5%. The tissue N concentration ranged from 1.3 to 2.6%, whereas the tissue N content on a length basis varied more (coefficient of variation = 42%). Specific root length was the most variable trait. It ranged from 22.2 to 91.7 mg −1 . Most of the fine-root segments were well colonized by ectomycorrhizal fungi. The colonization ratio of Q. glauca was 82.2 ± 4.6%, which was marginally higher than that (56.4 ± 9.9%) of Q. serrata (P = 0.06). The fluxes of both exudation and respiration rates varied widely, but the mean flux rates of both root exudation and respiration were not significantly different between species (Table 1) , respectively.
The relationship among exudation, respiration and fine-root traits
Flux rates of fine-root exudates positively related with respiration rates on both root-weight basis (r = 0.49, P = 0.03) and rootlength basis (r = 0.56, P = 0.006, Figure 1 ). On a weight basis, there was no species effect on the slopes (P = 0.45) and the intercepts (P = 0.31) of the relationship. Similarly, we found no species effect on the relationship on a length basis (for slopes: P = 0.54, for intercepts: P = 0.12). The slopes of the relationship between root exudation and respiration were 0.115 ± 0.037 and 0.095 ± 0.025 on a root-weight basis and root-length basis, respectively; that is, the respiration rates were 8.7 and 10.5 times as much as the exudation rates on a root-weight basis and root-length basis.
The fine-root traits and the C flux rates correlated with each other (Table 2 ). The segments with higher SRL exhibited both smaller diameter and lower RTD. On a weight basis, tissue N correlated negatively with tissue C and RTD. On a length basis, tissue N correlated negatively with SRL but positively with root diameter. Colonization ratio of ectomycorrhizal fungi correlated with both morphological and chemical traits. The colonization ratio correlated positively with tissue N and diameter but negatively with SRL.
Tissue N positively correlated with both respiration and exudation on a length basis (Figure 2) , and so did root diameter and ectomycorrhizal colonization ratio (Table 2) . On a weight basis, tissue N related positively with respiration but not exudation. Similarly, SRL and RTD related with respiration fluxes but not exudation on a weight basis.
The rhizosphere priming effect induced by root exudation
The DOC of rhizosphere soil was 0.645 ± 0.084 g C kg soil −1
. It was ca 45.8% higher than the DOC of bulk soils that were not exposed to root exudation (P = 0.01). The concentration of DOC positively related with root-exudation rates across bulk soils and rhizosphere soils (R 2 = 0.51, P = 0.002, Figure 3 ).
The MBC of rhizosphere soils was 1.965 ± 0.309 g C kg soil −1 , which was more than two times that of bulk soils (P = 0.02). The MBC positively related with both DOC (R 2 = 0.48, P = 0.003) and root-exudation rates (R 2 = 0.44, P = 0.004) when bulk and rhizosphere soils were combined.
Discussion
The variations of fine-root traits and fluxes
The root-traits and C fluxes exhibited no difference between the deciduous species Q. serrata and its congeneric evergreen species Q. glauca (Table 1) . The morphological traits, chemical traits and mycorrhizal colonization ratio of all the root segments correlated with each other (Table 2) , suggesting the segments followed a common root-forage strategy (Eissenstat 1992) . The ectomycorrhizal colonization ratio positively related with root diameter and tissue N, which is consistent with previous observations (King et al. 2002 , Read and Perez-Moreno 2003 , Withington et al. 2006 , Ostonen et al. 2009 ). The large variation of fine-root traits and C flux rates (Table 1) probably reflected the physiological performance of a given root segment induced by heterogeneity of the soil environment, root-age distribution and mycorrhizal colonization (Wells and Eissenstat 2002 , Fitter 2003 , Phillips et al. 2008 , Xia et al. 2010 .
The relationship between fine-root respiration and exudation
The mean respiration rate (14.74 nmol CO 2 g −1 s −1
) we measured is in the range of published values (1.0-44.9 nmol CO 2 g −1 s −1
) targeting fine roots <1 mm in diameter (Comas et al. 2002 , Rewald et al. 2014 . Our respiration measurements were slightly higher than a former study using fine roots of Q. serrata (root diameter <1.4 mm) in the same experiment site (Makita et al. 2009 ). It is reasonable because the fine-root segments we used were finer and more N-rich. Unlike fine-root respiration, Table 1 . Traits and C fluxes of fine root segments of Quercus serrata and Quercus glauca. Means ± SEs per species are shown. The coefficient of variation (CV) for the pooled samples of two Quercus species was presented if the index was not significantly different between Q. serrata and Q. glauca. 'W' denotes data on a root-weight-basis.
Tree Physiology Online at http://www.treephys.oxfordjournals.org exudation has been less studied on mature woody species in situ due to technical bottlenecks , Phillips et al. 2008 . Although there remains debate on the validity of exudate collection under a non-sterile field condition (Jones et al. 2004, Neumann and Römheld 2007) , the mean exudation rate we measured (1.73 mg C g root
) is comparable to the results derived from mature trees in situ (0.69-2.4 mg C g root −1 day In the Yamashiro forest, we found a positive relationship between root exudation and respiration in two co-existing Quercus species despite the fact that the variations among individual root segments were large (Table 1 and Figure 1 ). Root respiration provides energy to support root growth, maintenance and nutrient uptake, which directly reflects the physiological activity of roots (Ryan et al. 1996 , Lambers et al. 2008 ; meanwhile, root exudates keep fine roots healthy and active by providing lubrication for proliferation, defense against pathogens and attracting for mycorrhizal fungi and growth promoting bacteria (Bais et al. 2006, Badri and Vivanco 2009 ). The positive relationship between exudation and respiration suggested that the exudation rates also positively related with the physiological performance of the fineroot segments. Root exudation could enhance the availability of N, phosphorus, calcium and magnesium (Dakora and Phillips 2002 , Phillips et al. 2011 , Aoki et al. 2012 , Ohta and Hiura 2016 , and nutrient uptake consumes~20-50% of total fine root respiration (Lambers et al. 2003 (Lambers et al. , 2008 . The ability to mobilize nutrients by exudation and the respiratory energy for nutrient uptake apparently matched each other in the Quercus roots. Figure 1 . The relationships between fine-root exudation and respiration derived from fixed-effects models on (a) a weight-basis (r = 0.49, P = 0.03) and (b) a length-basis (r = 0.56, P = 0.006). The black circles denote the dominant species Quercus serrata, and the gray ones denote its congeneric species Quercus glauca. Table 2 . The matrix of clustered correlation coefficients among root traits and fluxes. The clustered coefficients were derived from mixed-effects models. The fine root segments sampled from the same target tree were nested as random effects. The data were standardized.
Colonization ratio
Diameter ( 'L' denotes data on a root-length-basis, and 'W' denotes data on a root-weight-basis. All numbers in bold denote significant coefficients. The asterisks denote a significant correlation between two traits or between traits and fluxes. Significance level: *P < 0.05, **P < 0.01, ***P < 0.001.
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The root-exudation rate was ca 11.5 ± 3.7% of the respiration on a weight basis. This value was similar to the estimations on non-mycorrhizal roots of citrus (Citrus volkameriana Tan. & Pasq. 1-10%, Eissenstat and Yanai 1997) and on ectomycorrhizal roots of loblolly pine (Pinus taeda ca 10%, Drake et al. 2011) . Since Q. serrata is the dominant species of this forest, we made a trial to calculate the stand-level annual exudation flux based on the relationship between respiration and exudation derived from this study and fine-root respiration (1.29 tC ha −1 year ) previously measured in the same experimental site (Goto et al. 2003 , Dannoura et al. 2006 , Kominami et al. 2008 . Assuming the relationship between root exudation and respiration derived from the middle of the growing season is stable throughout the year, we yielded an annual flux of root exudation as 0.15 tC ha
, which constituted 2.9% of the forest NPP. This ratio is close to several estimations on northern American temperate forests (2.5-6%) derived from practical exudation measurements or mass balance (Fahey et al. 2005 , Drake et al. 2011 , Phillips et al. 2011 , Yin et al. 2014 . However, when the C allocation to belowground changes in response to stand age, elevated CO 2 , N fertilization and seasonal dynamics (Ryan et al. 2004 , Palmroth et al. 2006 , Kaiser et al. 2010 , the relationship between root exudation and respiration may also change. The robustness of this relationship requires future study with more species, different sampling seasons and experimental conditions.
The relationship among root traits, mycorrhizal colonization and C fluxes Root respiration positively related to tissue N (Table 2 and Figure 2a ), which is in line with previous studies conducted on various plant types and biomes. Tissue N relates to cell metabolic activities so that there is a general pattern between tissue N and respiration through leaves, roots and stems (Ryan 1991 , Ryan et al. 1996 , Pregitzer et al. 1998 , Burton et al. 2002 , Reich et al. 2008 . Root exudation was also found to be positively correlated with root tissue N (Figure 2b ), indicating a linkage between root exudation and root physiological activity in the Quercus roots we measured. Root exudation could enhance rhizosphere N mineralization (Phillips et al. 2011 , Yin et al. 2014 , so that the relationship between exudation and tissue N could also be a consequence of the fact that fine-roots uptake the N mobilized by root exudation. On a weight-basis, the flux rates of root respiration positively related to SRL, which is the same as a previous study has revealed (Makita et al. 2009 ). Figure 2 . The correlation of (a) root respiration (r = 0.43, P = 0.02) and (b) root exudation (r = 0.37, P = 0.049) with root tissue N on a length basis derived from mixed-effects models. The black circles denote the dominant species Q. serrata, and the gray ones denote its congeneric species Q. glauca. Tree Physiology Online at http://www.treephys.oxfordjournals.org
On a length-basis, both root exudation and respiration positively related to root tissue N. This is consistent with the idea that an efficient fine-root foraging strategy is to invest to root length rather than weight (Eissenstat 1992 , Fitter 2003 . Ectomycorrhizal colonization positively correlated with both respiration and exudation fluxes. A large proportion of C allocated to the belowground system (up to 20%) has been distributed into ectomycorrhizal fungi (Lambers et al. 2003 , Hobbie 2006 , Trocha et al. 2010 , so that the mycorrhizal roots usually have higher respiration rates than the non-mycorrhizal ones. However, how mycorrhizal colonization relates with exudation is much less known and the results were controversial (Phillips et al. 2011 ), e.g. researches on pine seedlings reported both stimulation and suppression patterns (Johansson et al. 2009 , Meier et al. 2013 . We found positive correlations among colonization ratio, root respiration, exudation, tissue N and diameter. With the preliminary data, we could not tease these correlations apart.
The rhizosphere priming effect induced by root exudation
In the heterogeneous soil matrix, root exudation shapes hot-spots where microbial activity is high (Kuzyakov and Blagodatskaya 2015) . The labile C in root exudation helps surrounding microbes to decompose soil organic matter into DOC, which is defined as the 'rhizosphere priming effect' (Brzostek et al. 2015, Kuzyakov and Blagodatskaya 2015) . The MBC and DOC in rhizosphere soils were about 1.5 and 2 times of those in the bulk soils and both MBC and DOC related positively with root-exudation rates (Figure 3 ). This is consistent with previous studies in which the magnitude of rhizosphere priming effects related to exudation rates (Phillips et al. 2011 , Yin et al. 2014 . These correlations supported the root exudation rates we measured were representative and ecologically meaningful, despite the fact that there remains consideration regarding the methodology (Phillips et al. 2008) .
In this study, we found a positive relationship between root exudation and respiration. However, the explanatory power of this relation was weak. The C allocated to belowground follows a diurnal pattern Cheng 2001, Lambers et al. 2003) . The exudation measurement may have overcome the diurnal dynamics by a 48-h interval, whereas the respiration measurement could not eliminate the effects of diurnal dynamics with a 15-min interval. We are now working on developing a novel chamber system that can measure respiration and exudation simultaneously. This effort may improve our approach to understanding the relation between root respiration and exudation in the future.
Supplementary Data
Supplementary Data for this article are available at Tree Physiology Online.
